The chiroptical properties of the diastereomeric alcohols (E)-(3S,4S)-4-methyl-1-tributylstannyloct-1-en-6-yn-3-ol ((S,S)-3) and (E)-(3R,4S)-4-methyl-1-tributylstannyl-oct-1-en-6-yn-3-ols ((R,S)-3) have been studied experimentally as well as by quantum-chemical calculations. The structures of 20 conformers of each isomer, which were found to represent local minima at the MNDO level, have been optimized with density functional theory (DFT). Based on these geometries the excitation energies and oscillator as well as rotational strengths have been calculated using a time-dependent DFT (TDDFT) method. The CD spectra of the compounds were then obtained as superposition of Boltzmann-weighted spectra for each of the structures. By comparison of the calculated and the experimental CD spectra the absolute configurations have been assigned to the investigated compounds.
Introduction
Prostacyclin (1) (Fig. 1a) , which was discovered by Vane et al. [1] in the vascular endothelium, is the most potent endogenous inhibitor of blood platelet aggregation and a strong vasodilator [2, 3] . Unfortunately the medicinal application of 1 is hampered by its short chemical and metabolic half lifes. Intensive synthetic efforts directed towards the discovery of chemically and metabolically more stable and biologically potent analogues of prostacyclin led to the finding of iloprost (2, cf. Fig. 1a ) by a research team of the Schering AG [4] . Iloprost shows a similar biological profile as the natural compound and exhibits an enhanced chemical and metabolical stability. Iloprost has already been marketed as Ilomedin R for the treatment of patients with ischemic heart and peripheral vascular diseases [5, 6] and it is currently being studied in clinical trails for the treatment of patients with primary pulmonary hypertension, an increasingly common and fatal disease [7, 8] . Ilomedin R is essentially a 1:1 mixture of (16S)-and (16R)-diastereomers. However, it was found that the (16S)-isomer is approximately 5 times more potent than the (16R)-isomer as an inhibitor of ADP-induced platelet aggregation [3] . We are engaged in a program to develop a more efficient asymmetric synthesis of iloprost by using a new strategy [9] whose 0932-0784 / 04 / 0300-0124 $ 06.00 c 2004 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com key step is the conjugate addition of a organometallic C 13 -C 20 ω-side chain building block to a bicyclic C 6 -C 12 azoene building block with the stereoselective formation of the C 12 -C 13 bond. This strategy required an asymmetric synthesis of the stannyl alcohol (S,S)-3 ( Fig. 1b) having the (15S,16S)-configuration as the ω-side chain building block. Our synthetic efforts, the results of which will be described elsewhere, led to the attainment of a mixture of the enantiomerically pure diastereomeric alcohols (S,S)-3 and (R,S)-3 [10] , which could be separated by preparative HPLC. Unfortunately assignment of the configuration of the alcohols 3 at C-15 by NMR spectroscopic and other means proved not to be possible. However, for the further synthetic utilization of theω-side chain building block in the planned asymmetric synthesis of 2 knowledge of the absolute configuration of the two diastereomeric alcohols (S,S)-3 and (R,S)-3 was of crucial importance. Therefore, we envisioned a determination of the absolute configurations of the diastereomeric alcohols 3 by measurement of their CD spectra and comparison of the calculated and experimental CD spectra [11] .
Results and Discussion
The experimental CD spectra of the separated diastereomers [10] are shown in Fig. 2a (Fig. 1c) . The spectrum of sample 1 has its first Cotton effect at 235 nm. This band is negative and is relatively weak compared to the second positive one which occurs at 212 nm (Fig. 2a) . In the spectrum of sample 2 a strong negative Cotton effect observed at about 215 nm corresponds to the positive one in the experimental spectrum of sample 1. In addition a weak shoulder is observed at about 230 nm (Fig. 2b) . This shoulder corresponds to the first negative band at λ ≈ 235 nm in the measured spectrum of sample 1.
Semiempirical Conformational Analysis
Since the two molecules under consideration are very flexible a careful conformational analysis is required to get a reliable CD spectrum. First, a local minimum for each optical isomer has been found with MNDO method [12] . Then the conformer searches have been performed. This search for the (S,S)-and the (R,S)-isomers of 3 ( Fig. 1c ) was carried out with the Monte-Carlo method employing the semiempirical MNDO parametrization and the program Spartan [13] . The Monte-Carlo method uses a standard simulated annealing algorithm [14, 15] with a temperature ramp of
where ∆T = T f − T i , T i and T f are the initial and final temperatures, respectively, T is the current temperature; I and I max are the current step number and the maximal number of steps, respectively, which depends on the number of the flexible centres of the studied molecule and the number of increments in the rotation. The new conformation is weighted via the Boltzmann criteria (exp(∆E/kT )).
The following 4 dihedral angles were chosen to be involved in the search (Fig. 1c) : ∠C 9 -C 8 -C 4 -C 3 , ∠ C 7 -C 4 -C 3 -C 2 , ∠ O 5 -C 3 -C 2 -C 1 , and ∠ H 6 -O 5 -C 3 -C 2 . For the first three the values 0, 120, and 240 and for the last one the values 0, 90, 180, and 270 were assumed with regard to the initial local minimum.
In our calculations we have used T i = 5000 K, T f = 300 K and I max = 169.
The combination of all orientations mentioned above leads to 108 possible conformers for each diastereomer. However, only those conformers whose energies are not more than about 3 kcal/mol above the one of the energetically lowest structure will contribute significantly to the overall CD spectrum. Based on this criterium only the 20 energetically lowest conformers for (S,S)-3 and for (R,S)-3 have further been considered in the calculation of the chiroptical properties.
Geometry Optimization with DFT Method
The corresponding 20 conformers obtained at the MNDO level were reoptimized with a density functional theory (DFT) method, as implemented in the TURBOMOLE set of programs [16, 17] , using the B-P86 functional [18] and a TZVP (Triple-ζ Valence plus Table 1 . DFT-optimized structural parameters and relative energies of the conformers of (S,S)-3. Table 2 . DFT-optimized structural parameters and relative energies of the conformers of (R,S)-3. 
is the Boltzmann factor of the i-th local minimum, where E i is the energy of this local minimum, N is the number of local stationary points. b The corresponding 3D structures are given in Figure 3 . Table 3 . The electronic configurations, calculated oscillator and rotational strengths for the first 5 excited states of conformers a-c, f of (S,S)-3. θ is the angle between the electric and the magnetic dipole moment c . Polarization) [19] basis set. For the Sn atom an effective core potential (ECP) has been used. In these calculations, the default ECP parameters supplied by TURBOMOLE [16] were adopted. Some selected dihedral angles of the resulting structures and their rel- ative energies are given in Tables 1 and 2 for (S,S)-3 and (R,S)-3, respectively. Optimized 3D structures of Figure 3 . Since the experimental spectra were measured in cyclohexane, we assumed that due to the low dielectric constant of the solvent (ε = 2.0) it is not necessary to reoptimize the obtained geometries under the influence of the solvent (for example, by an electrostatic continuum model (COSMO, conductor-like screen model [16] )).
the most stable conformers (S,S)-3a, (S,S)-3b, (R,S)-3a, and (R,S)-3b are shown in

TDDFT Calculations
The excitation energies and rotational strengths of the 25 lowest-lying singlet excited states were calculated using the time-dependent DFT (TDDFT) [20] method with the same functional and basis set as mentioned above. For the calculation of the rotational strengths the origin-independent dipole velocity approximation has been used [21] .
The CD curves have been calculated as a sum of Gaussians, each of which is centered at the calculated wavelength of the corresponding transition and multiplied with its rotational strength [22] . The Gaussians were generated using the empirical formula Γ = k ·λ 1.5 for the half bandwidth Γ at ε max /e [23] . The parameter k was set to 2.887·10 −3 , which yields a half bandwidth Γ ≈ 10 nm for an absorption band at λ ≈ 220 nm. The individually calculated CD spectra for the energetically lowest 20 conformers of (S,S)-3 and (R,S)-3 were Boltzmann-weighted (Boltzmann factors are given in Tables 1 and 2 , respectively) and added up to give the computed overall CD spectra for the (S,S)-and (R,S)-isomers of 3 given in Figs. 2c and 2d , respectively. Compared with the experimental spectra the calculated ones are shifted by about 45 nm to the red.
Our TDDFT calculations predict these 25 transitions to occur in the range between 190 -285 nm in the CD spectra of the conformers of (S,S)-3 and (R,S)-3. The first 5 rotational strengths of all conformers of (S,S)-3 and (R,S)-3 each of which is multiplied with its Boltzmann factor are displayed in Figs. 4a and 4b , respectively. It can be clearly seen that in the case of (S,S)-3 only conformers a-c and f contribute significantly to the calculated average CD spectrum (Fig. 4a) , whereas in the case of (R,S)-3 the first 10 conformers dominate the CD spectrum (Fig. 4b) . The relevant configurations for the first 5 states of conformers are listed in Tables 3 and 4 , respectively, together with the calculated oscillator and rotational strengths. In addition we also list the angles θ between the electric and the magnetic transition dipole moments. The Kohn-Sham orbitals (KSOs) Ψ 85 −Ψ 90 of the most stable conformers of (S,S)-3 and (R,S)-3 are displayed in Figs. 5 and 6, respectively. From these figures it can be seen that Sn does not contribute significantly to these KSOs. Table 4 . The electronic configurations, calculated oscillator and rotational strengths for the first 5 excited states of the conformers a-j of the (R,S)-3. θ is the angle between the electric and the magnetic dipole moment. According to the TDDFT results the first Cotton effect in the average CD spectrum of (S,S)-3 is negative and due to π → π * transitions from three upper MOs (Ψ 89 (HOMO), Ψ 88 , Ψ 87 ) to the LUMO (Ψ 90 ) (Fig. 4a, Frame A) . The next Cotton effect is predicted to be positive. It is the resultant of several transitions, and σ → π * transitions to the LUMO (Ψ 86 → Ψ 90 , Ψ 85 → Ψ 90 ) (Fig. 4a, Frame B) give the main contributions to this band (Tab. 3, Fig. 5 ). As can be expected the theoretical CD spectrum of the second compound ((R,S)-3) spreads over the same spectral region as the first one. A detailed analysis of the individual spectra calculated for the (R,S)-3 conformers reveals 2 groups of transitions in this spectrum: the first one covers the range between about λ ∼ 270 -280 nm (Fig. 4b, Frame A) and corresponds to the first negative Cotton effect in the spectrum of (S,S)-3. The other one occurs in the region between 245 and 265 nm (Fig. 4b, Frame B) and is, therefore, close to the second Cotton effect of the first compound (cf. Fig. 4a, Frame B) . Since the first and the second groups of transitions occur at similar wavelengths and have mostly rotational strengths of the same sign (negative), they are not clearly resolved but coincide to give one negative Cotton effect.
A comparison of the experimental and the calculated CD spectra in Figs. 2a and 2c, 2b and 2d shows that not only the signs of the Cotton effects but also the general appearance of the theoretical spectra calculated for (S,S)-3 and (R,S)-3 agree with those observed for sample 1 and sample 2. Thus, we conclude, that samples 1 and 2 contain the (S,S)-and the (R,S)-isomer of 3, respectively.
Experimental Part
For the CD measurements samples were dissolved in cyclohexane (c sample1 = 4.704 · 10 −4 mol/l; c sample2 = 5.604 · 10 −4 mol/l). The CD spectra were measured on a Circular Dichroism spectrometer (AVIV Model 62DS) at room temperature.
The thin solid lines through the data points (Fig. 2a,b) have been obtained by a point averaging FFT (Fast Fourier Transformation) smoothening procedure.
